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============

Leptoquarks (LQ) are predicted by many extensions of the Standard Model (SM) \[[@CR1]--[@CR7]\] and may provide an explanation for the many observed similarities between the quark and lepton sectors of the SM. LQs are colour-triplet bosons with fractional electric charge. They carry non-zero values of both baryon and lepton number \[[@CR8]\]. They can be either scalar or vector bosons and are expected to decay directly to lepton--quark pairs (where the lepton can be either charged or neutral).

The coupling strength between scalar LQs and the lepton-quark pairs depends on a single Yukawa coupling, termed $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm {LQ} \rightarrow \ell q}$$\end{document}$. The additional magnetic moment and electric quadrupole moment interactions of vector LQs are governed by two coupling constants \[[@CR9]\]. The coupling constants for both the scalar and vector LQs, and the branching fraction of the LQ decay into a quark and a charged lepton, $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta $$\end{document}$, are model dependent. The production cross-section and couplings of vector LQs are enhanced relative to the contribution of scalar LQs, although the acceptance is expected to be similar in both cases. This analysis considers the simpler scenario of scalar LQ pair-production, for which the form of the interaction is known and which provides more conservative limits on LQ pair-production than for vector LQ pair-production.

In proton--proton collisions, LQs can be produced singly and in pairs. The production of single LQs, which happens at hadron colliders in association with a lepton, depends directly on the unknown Yukawa coupling $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\mathrm {LQ} \rightarrow \ell q}$$\end{document}$. However, LQ pair-production is not sensitive to the value of the coupling. In *pp* collisions with a centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$=$$\end{document}$ 8 TeV, the dominant pair-production mechanism for LQ masses below $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim $$\end{document}$1 TeV is gluon fusion, while the *qq*-annihilation production process becomes increasingly important with increasing LQ mass.

The minimal Buchmüller--Rückl--Wyler model (mBRW) \[[@CR10]\] is used as a benchmark model for scalar LQ production. It postulates additional constraints on the LQ properties, namely that the couplings have to be purely chiral, and makes the assumption that LQs are grouped into three families (first, second and third-generation) that couple only to leptons and quarks within the same generation. The latter requirement excludes the possibility of flavour-changing neutral currents (FCNC) \[[@CR11]\], which have not been observed to date.

Previous searches for pair-produced LQs have been performed by the ATLAS Collaboration with 1.03 fb$\documentclass[12pt]{minimal}
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                \begin{document}$$=$$\end{document}$ 7 TeV, excluding at 95 % confidence level (CL) the existence of scalar LQs with masses below 660 (607) GeV for first-generation LQs at $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta =1$$\end{document}$ (0.5) \[[@CR12]\] and 685 (594) GeV for second-generation LQs at $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta =1$$\end{document}$ (0.5) \[[@CR13]\]. The CMS Collaboration excluded at 95 % CL the existence of scalar LQs with masses below 830 (640) GeV for first-generation LQs at $\documentclass[12pt]{minimal}
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Pair-produced third-generation scalar LQs decaying to $\documentclass[12pt]{minimal}
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                \begin{document}$$b\nu _{\tau }\bar{b}\bar{\nu _{\tau }}$$\end{document}$ have been excluded by the CMS Collaboration for masses below 700 GeV at $\documentclass[12pt]{minimal}
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In this paper, searches for pair-produced first- and second-generation scalar LQs ($\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec2}
==================

The ATLAS experiment \[[@CR20]\] is a multi-purpose detector with a forward--backward symmetric cylindrical geometry and nearly 4$\documentclass[12pt]{minimal}
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Data and Monte Carlo samples {#Sec3}
============================
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Monte Carlo for background predictions {#Sec4}
--------------------------------------

The Monte Carlo (MC) samples used to estimate the contributions from SM backgrounds to the $\documentclass[12pt]{minimal}
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The MC samples used to model the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm {\ell \ell }} \ge $$\end{document}$  120 GeV) are generated with SHERPA 1.4.1 \[[@CR25]\]. The high-mass Drell--Yan samples are generated assuming massive *c*- and *b*-quarks instead of the conventional massless treatment.
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                \begin{document}$$t\bar{t}$$\end{document}$ events are produced with POWHEG box \[[@CR26], [@CR27]\] interfaced with PYTHIA 6. MC samples representing the *WW*, *WZ*, and *ZZ* diboson decays are generated with HERWIG 6.52 \[[@CR28]\] and use the AUET2 \[[@CR29]\] values for the tunable parameters (the 'AUET2 MC tune'). Samples of single-top-quark events in the *Wt* and *s*-channel are generated with MC\@NLO 4.01 \[[@CR30], [@CR31]\] and the AUET2 MC tune, while the *t*-channel samples are generated with AcerMC 3.8 \[[@CR32]\] interfaced with PYTHIA 8 and use the AUET2B \[[@CR33]\] MC tune. The hadronisation and parton showering of the samples produced with MC\@NLO are done using HERWIG 6.52 coupled to JIMMY 4.31 \[[@CR34]\]. The $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$jets samples are produced with ALPGEN 2.14 interfaced with JIMMY 4.31, also with the AUET2 MC tune applied. The choice of PDFs used to produce the MC simulated samples is generator dependent: AcerMC, PYTHIA, HERWIG and ALPGEN use CTEQ6L1, while MC\@NLO uses CT10 \[[@CR35]\]. For all samples, the detector response is modelled \[[@CR36]\] using GEANT4 \[[@CR37]\], except for the Drell--Yan background samples, which use a fast detector simulation where the calorimeter response is parameterised. The differences between fast and full simulation in terms of kinematic spectra and modelling of relevant objects are evaluated to be negligible.

The cross-sections of background processes used in the analysis are taken from theoretical predictions. Single-top production cross-sections in the *s*-channel \[[@CR38]\], *t*-channel \[[@CR39]\], and in associated production with a *W* boson \[[@CR40]\], are calculated to NLO$\documentclass[12pt]{minimal}
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                \begin{document}$$Z\rightarrow \tau \tau $$\end{document}$ cross-sections with NNLO accuracy are used \[[@CR41]\]. The cross-sections for *WW*, *WZ*, and *ZZ* processes are calculated at NLO \[[@CR42], [@CR43]\]. The theoretical cross-section for *WW* production is scaled by a factor 1.2 and the uncertainty is increased by an extra 20 %, in order to take into account the ATLAS \[[@CR44]\] and CMS measurements \[[@CR45]\], which showed an excess in data at the level of 20 % (see Refs. \[[@CR46], [@CR47]\] for more discussion about possible causes of the excess).
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Searches for first- and second-generation LQs {#Sec5}
=============================================

The first- and second-generation analyses exploit similarities in the final states and use common search strategies to select dilepton plus dijet final states. Control regions are used to constrain estimates of the dominant backgrounds to the data. A set of discriminating variables is used to define signal regions (SRs) that are used for a counting analysis.

Trigger and data collection {#Sec6}
---------------------------

Selected data events are required to have all relevant components of the ATLAS detector in good working condition. For the $\documentclass[12pt]{minimal}
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Object selection {#Sec7}
----------------

Electrons are selected and identified by imposing requirements on the shape of the cluster of energy deposits in the calorimeter, as well as on the quality of the track, and on the track-to-cluster matching. The identification efficiency is on average 85 % \[[@CR50]\]. Electron candidates must have transverse energy $\documentclass[12pt]{minimal}
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Muon tracks are reconstructed independently in the ID and the MS. Tracks are required to have a minimum number of hits in each system, and must be compatible in terms of geometrical and momentum matching. In particular, in order to prevent mis-measurements at high $\documentclass[12pt]{minimal}
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Jets are reconstructed from clusters of energy deposits detected in the calorimeter using the anti-$\documentclass[12pt]{minimal}
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Event pre-selection {#Sec8}
-------------------

Multiple *pp* interactions during bunch-crossings (pile-up) can give rise to multiple reconstructed vertices in events. The primary vertex of the event, from which the leptons are required to originate, is defined as the one with the largest sum of squared transverse momenta of its associated tracks. Events are selected if they contain a primary vertex with at least three associated tracks satisfying $\documentclass[12pt]{minimal}
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MC events are corrected to better describe the data by applying a per-event weight to match the distribution of the average number of primary vertices observed in data. A weighting factor is also applied in order to improve the modelling of the vertex position in *z*. Scale factors are applied to account for differences in lepton identification and selection efficiency between data and MC simulation. The scale factors depend on the lepton kinematics and are described in detail in Ref. \[[@CR51]\] for muons, and in Ref. \[[@CR55]\] for electrons. The energy and momentum of the selected physics objects are corrected to account for the resolution and scale measured in data, as described in Ref. \[[@CR51]\] for muons, in Ref. \[[@CR55]\] for electrons and in Ref. \[[@CR54]\] for jets.
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Signal regions {#Sec9}
--------------

After applying the event pre-selection requirements, a set of signal regions is defined using additional kinematic variables in order to discriminate LQ signals from SM background processes and to enhance the signal-to-background ratio. The variables used are:$\documentclass[12pt]{minimal}
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Background estimation {#Sec10}
---------------------

The main SM background processes to the $\documentclass[12pt]{minimal}
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Two control regions with negligible signal contributions are defined to validate the modelling accuracy of the MC simulated background events and to derive normalisation scale factors. The $\documentclass[12pt]{minimal}
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### Kinematic distributions {#Sec12}
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Systematic uncertainties {#Sec13}
------------------------
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The electron energy scale and resolution are corrected to provide better agreement between MC predictions and data. The uncertainties on these corrections are propagated through the analysis as sources of systematic uncertainty. Uncertainties are taken into account for the electron trigger ($\documentclass[12pt]{minimal}
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QCD renormalisation and factorisation scales are varied by a factor of two to estimate the impact of higher orders on the signal production cross-section. The variation is found to be approximately 14 % for all mass points. The uncertainty on the signal cross-section related to the choice of PDF set is evaluated as the envelope of the prediction of 40 different CTEQ6.6 NLO error sets \[[@CR24]\]. The uncertainty ranges from 18 % at $\documentclass[12pt]{minimal}
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The observed and expected yields in three representative signal regions for the *eejj* and the $\documentclass[12pt]{minimal}
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Background estimation {#Sec17}
---------------------

The dominant background process is the production of *Z* bosons in association with heavy-flavour jets where the *Z* boson subsequently decays to two neutrinos \[$\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$+*W* / *Z* processes are estimated from MC simulation in all regions. The contribution from multi-jet events is estimated from data by taking well-measured multi-jet events from data and smearing the jets with jet response functions taken from MC simulation and validated in data. This procedure is described in detail in Ref. \[[@CR63]\]. The contribution from multi-jet events in signal regions is found to be negligible.

Results {#Sec18}
-------

The number of data events observed in each signal region is reported in Table [5](#Tab5){ref-type="table"}, together with the SM background expectation after the background-only fit, and the expected number of signal events for different LQ masses. The signal acceptance efficiency is around 2 % for all but the lowest LQ masses targeted (dropping to 0.27 % efficiency for $\documentclass[12pt]{minimal}
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The uncertainties on the signal production cross-section are estimated using the methods described in Sect. [4.6](#Sec13){ref-type="sec"}. These uncertainties are the same for all LQ genertions but the uncertainty due to the choice of PDF set varies with $\documentclass[12pt]{minimal}
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No significant excess above the SM expectation is observed in any of the signal regions. Figure  shows the observed and expected exclusion limits for the scalar $\documentclass[12pt]{minimal}
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Search for third-generation LQs in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\varvec{t\nu _{\tau }\bar{t}\bar{\nu _{\tau }}}$$\end{document}$ channel {#Sec19}
==========================================================================================================

The ATLAS search for pair-production of the supersymmetric partner of the top quark (stop quark, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{t}$$\end{document}$) \[[@CR19]\] is reinterpreted in terms of the LQ model, in the case where each LQ decays to a top quark and a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu _{\tau }$$\end{document}$ neutrino. The original analysis has dedicated signal regions targeting $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{t}$$\end{document}$ decays into $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t \tilde{\chi }^{0}$$\end{document}$ and the subsequent semileptonic decay of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ pair. Events compatible with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ plus extra $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}^{\mathrm {miss}}$$\end{document}$ are selected with final states containing one isolated lepton, jets, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}^{\mathrm {miss}}$$\end{document}$. A complete description of the analysis strategy, including the treatment of systematic uncertainties on background processes can be found in Ref. \[[@CR19]\]. The event selection and the background estimation methods are summarised here for clarity.Table 6Selection criteria for the four SRs (tN_diag, tN_med, tN_high, and tN_boost) employed to search for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {LQ}3\,\overline{\mathrm {LQ}3}\rightarrow t\nu _{\tau }\bar{t}\bar{\nu _{\tau }}$$\end{document}$ events \[[@CR19]\]. The details of the limit-setting procedure for the exclusion setup can be found in Sect. 6.3

Object and event selection {#Sec20}
--------------------------

Events are required to contain exactly one electron with $\documentclass[12pt]{minimal}
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The variables listed above are used to define three cut-and-count SRs and one shape-fit SR. Table [6](#Tab6){ref-type="table"} details the event selections for these signal regions. The SR labelled tN_boost targets LQ/stop masses of $\documentclass[12pt]{minimal}
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Background estimation {#Sec21}
---------------------
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The multi-jet background is estimated from data using a matrix method described in Refs. \[[@CR71], [@CR72]\]. The contribution is found to be negligible. All other (small) backgrounds are determined entirely from simulation and normalised to the most accurate theoretical cross-sections available.

Results {#Sec22}
-------

The number of events observed in each signal region is reported in Tables 7 and 8, together with the SM background expectation and the expected number of signal events for different LQ masses. The signal acceptance is between 1.5 and 3 % depending on the LQ mass. All sources of systematic uncertainty and statistical uncertainty are taken into account. The dominant sources of uncertainty on the background prediction come from uncertainties related to the JES, JER, $\documentclass[12pt]{minimal}
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Detector-related systematic effects are evaluated for signal using the same methods used for the backgrounds (see Ref. \[[@CR19]\] for details). The dominant detector-related systematic effects are the uncertainties on the JES (4 %) and the *b*-tagging efficiency (3 %).

The uncertainties on the signal production cross-section are estimated using the methods described in Sect. [4.6](#Sec13){ref-type="sec"}. The effect on the choice of PDF set on the signal acceptance is less than 1 % for most mass points, but increases to 1.7 % for $\documentclass[12pt]{minimal}
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Similar methods as described in Sect. [4.7](#Sec14){ref-type="sec"} are used to assess the compatibility of the SM background-only hypothesis with the observations in the signal regions. The observed number of events is found to agree well with the expected number of background events in all signal regions. No significant excess over the expected background from SM processes is observed and the data are used to derive one-sided limits at 95 % CL. The results are obtained from a profile likelihood-ratio test following the $\documentclass[12pt]{minimal}
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Summary and conclusions {#Sec23}
=======================

Searches for pair-production of first-, second- and third-generation scalar leptoquarks have been performed with the ATLAS detector at the LHC using an integrated luminosity of 20 fb$\documentclass[12pt]{minimal}
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The results presented here significantly extend the sensitivity in mass compared to previous searches. Low-mass regions are also considered and limits on the cross-sections are provided for the different final states analysed. Since $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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